The freezing of the cooperative reorientational motions in orientationally disordered (OD) molecular crystals marks the so-called "glassy" transition, which may be considered a lower-dimensional version of the structural glass transition. While structural glasses display both positional and orientational disorder, in fact, in orientational glasses the disorder involves exclusively the orientational degrees of freedom of the constituent molecules, while the molecular centres of mass form an ordered lattice. We report here on a glass-forming system with even less degrees of freedom, namely the OD phase of a dipolar benzene derivative, pentachloronitrobenzene (C 6 Cl 5 N O 2 ). We probe the orientational dynamics of PCNB as a function of temperature and pressure * To whom correspondence should be addressed † Universitat Politècnica de Catalunya ‡ Università di Pisa 1 by means of dielectric spectroscopy at normal and high pressure and high-pressure density measurements, and show that the system exhibits a double primary relaxation feature associated with two distinct motions of the molecular dipole moment. After ruling out an interpretation in terms of primitive or intramolecular relaxations, we discuss an assignment of the double relaxation feature based on the material's anisotropy and on the comparison with discotic liquid crystals.
Introduction
The glass transition in structural glass formers is associated with the freezing of rototranslational (diffusional) degrees of freedom. The glass state is obtained when, upon cooling or pressurizing fast enough to avoid the transition to the crystalline state, a liquid gradually freezes, into an amorphous phase in which the molecular motions are quenched while the structural disorder of the liquid is retained. [1] [2] [3] [4] A glass-like dynamics may appear also when a translational long-range order exists. In fact, many molecular systems form phases which are characterized by translational order and at the same time by orientational disorder. In these orientationally disordered (OD) crystals the average position of the centres of mass of the molecules form a lattice while the molecular orientations are dynamically disordered.
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The reorientational motions may freeze upon cooling or pressurizing, resulting in an orientational glass: OD phases therefore exhibits a phenomenology that is analogous to that of structural glass formers. 4, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Due to the large number of degrees of freedom of its constituent molecules, molecular condensed-matter systems are characterized by a rich variety of dynamic processes and phases. In molecular materials forming structural or orientational glasses, the most important dynamics is the cooperative motion of the molecules, referred to as primary relaxation or α process, whose freezing marks the transition to the glass state.
The main difference between orientational and structural glasses is that in the former the freezing involves exclusively the rotational degrees of freedom of the molecules, while in the latter all six molecular degrees of freedom (i.e., both orientational and translational ones) are frozen. Orientational glasses are therefore systems with fewer degrees of freedom than structural glasses. This simplification, together with the fact that many OD phases are characterized by a high-symmetry crystal lattice, makes orientationally disordered phases a model playground to investigate the nature of the glass transition, which is one of the unsolved problems in condensed-matter physics. We discuss in this contribution a glassforming system with yet lower number of degrees of freedom than conventional OD crystals, namely the layered solid phase of the hexasubstituted pentachloronitrobenzene derivative (C 6 Cl 5 N O 2 , hereinafter PCNB). The low-dimensionality arises because these quasi-planar benzene derivatives form a stacked structure of parallel planes in which the molecules can only rotate around a fixed (six-fold-like) axis orthogonal to the planes.
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Molecular dynamic processes in glass formers other than the α relaxation are termed "secondary relaxations", and are usually characterized by shorter relaxation time than the primary process associated with the glass transition. Secondary relaxations in OD phases may have different origins; for example, the constituent molecules generally exhibit intramolecular dynamics, such as conformational motions or vibrations of inter-atomic bonds; in other cases a single-molecule precursor of the α process is observed, which is called Johari-Goldstein relaxation and is usually interpreted in the framework of the coupling model. [25] [26] [27] The spectral landscape of secondary relaxations of structural glass formers is further enriched by the existence of the so-called excess wing (EW), that is, of an excess dielectric loss on the highfrequency side of the α-relaxation process. 17, 18, 28, 29 Based on comparative studies of several structural glass formers, some authors 30 have proposed that the EW could actually be a nonresolved secondary relaxation process hidden below the high-frequency wing of the primary α-relaxation. In recent work on structural glasses, application of high pressure confirmed that the EW is indeed a "submerged" secondary relaxation. 31 The frequency separation between the α relaxation process and such secondary relaxation has been shown to be invariant under isochronal conditions within the temperature-pressure diagram. 32 These studies have thus concluded that the EW is a "precursor" Johari Goldstein relaxation, as shown e.g. for the case of glycerol, 31 ethanol, 17 and propylene glycol oligomers. ation which is related to the low-dimensional character of the system and which results in a spectral landscape reminiscent of α relaxations characterized by an excess wing. In order to investigate the connection between the dielectric and structural properties, we have characterized the material both by X-ray diffraction and BDS, as a function both of temperature and pressure. We find that the excess wing is not a Johari-Goldstein precursor, but is in fact a separate relaxation than the α process, and propose a microscopic interpretation for the origin of both relaxation processes based on the material's anisotropy.
Results and discussion
PCNB displays, in the condensed phase, a stacked structure of molecular planes in which the PCNB molecules lie flat on each plane occupying the sites of a triangular lattice. 24 The latter study has moreover revealed that the U 33 components (along the c axis) of the tensor for the anisotropy displacement parameters are much larger than the U 11 and U 22 principal coefficients (of the (001) in-plane displacements) whatever the temperature and for all atoms, but specially for Cl, N and O. Motivated by these findings, we measured the temperature dependence of the lattice parameters by means of X-ray powder diffraction. The diffraction pattern at 300 K matches the pattern simulated using the structural data from Thomas et al. 23 The similarity between the diffraction profiles acquired at distinct temperatures (see supporting information) confirms that no structural change takes place in the 150-300 K range. We used this data as starting point for the refinement of the lattice parameters by means of the Pattern Matching option of the Full Prof program. From Figure 1 one gathers that, as the temperature decreases, the lattice contracts more
. Also, the kink at the glass transition in the temperature dependence of the lattice parameter c is much more pronounced than that of the parameter a, the change of the slope being more than one order of magnitude different.
In other words, the inter-plane structural parameter is much more affected by changes of temperature and by the kinetic transition than any intraplane distance. This is obviously directly related with the larger values of the U 33 component compared to U 11 and U 22 . at fixed relaxation time of the α process (that is, isochronically for various (P,T) pairs, (c)).
Details of the experimental device can be found in ref.
5 and in the Supp. Info. In all spectra a clear relaxation peak is observed, displaying continuous temperature and pressure shifts characteristic of the freezing of the molecular dynamics on cooling and pressurizing. The frequency position and temperature dependence of the main peak are in agreement with early normal pressure dielectric studies at on PCNB. [34] [35] [36] In addition to a well-pronounced main peak (hereafter α relaxation), an excess wing (hereafter called α process) is clearly visible as a shoulder to the main peak. The fact that this loss process appears as a shoulder indicates that its dielectric strength is lower than that of the main loss (see also below). Panels (a) and (b) of Figure 2 highlight the need of two dipolar processes (displayed as dotted lines) for modelling the dielectric spectra. It should be noticed that in previous work 19, 40 only one HN function was employed to fit the loss curves, and this resulted in a slight discrepancy between the experimental data and the fit function in the high-frequency range of the spectra.
Figure 2(c) shows that the shape of the loss spectra is almost the same for different combinations of T and P chosen so as to maintain the same value of the relaxation time for the α process, namely at the isochronal value log(f maxα ) = 2.4 corresponding to ca. 0.6 ms.
The figure evidences that the relative position and strength of both processes and the overall shape of the spectra are unchanged despite the large range of temperatures and pressures spanned by the experiments. The rough superposition of all isochronal spectra into a single master curve indicates that the two dynamic processes have similar dependence upon the thermodynamic parameters, highlighting a strong correlation between both relaxations. This rationalizes the fact that the α process was initially considered to be an excess wing.
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It is worth noting that a relaxation phenomenology similar to PCNB has been reported in related molecular systems, namely discotic liquid crystals consisting of phenyl-based, rigid disk-shaped aromatic flat cores functionalized with flexible polar sidegroups. [43] [44] [45] These materials, whose constituent molecules can be considered to be larger "cousins" of the hexasubstituted benzenes, display in fact two dielectric relaxations with different characteristic times but virtually identical temperature dependencies. 44 Also in the case of discotic liquid crystals, the lower-frequency relaxation corresponds to the main α process, as discernible from the position of the loss maximum at the corresponding T g (determined from calorimetry measurements), and the second (α ) process at higher frequency displays lower dielectric strength than the first one.
All measured PCNB spectra were fitted using a combination of a Havriliak-Negami (HN) function for the main relaxation (α) together with a Cole-Cole (CC) function for the shoulder relaxation (α ). 46 The resulting fits are shown as continuous lines in Figure 2 ; it can be seen in all three panels that the model provides quite accurate fits. A reasonable physical consistency was found for the fit parameters. The shape parameters α HN and β HN of the HN function and the exponent α CC of the CC function all lay in the range between 0.61 and 1.
The characteristic relaxation times of both processes, as obtained from the fitting procedure, are plotted in Figure 3 T and P. This shows that the α process is not an excess wing, but a separate dynamical process than the α relaxation. The values of the glass-transition temperatures and pressures, fragility and activation volume are reported in Table 1 for all measurements. The low fragility values obtained from isobaric measurements indicate that PCNB is a quite a strong glass former.
From the comparison of temperature-and pressure-dependent measurements it is possible to determine whether the molecular dynamics is dominated (limited) by the thermal energy or by the available free volume. In particular, one can use the ratio between the activation enthalpy at constant volume (E V = R[∂logτ /∂T −1 ] V ) and the activation enthalpy at constant pressure (E P = R[∂logτ /∂T −1 ] P ): if this ratio is between 0 and 0.5, then the dynamics is volume-dominated; if it this between 0.5 and 1 the dynamics is temperature-dominated.
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We have calculated both activation enthalpies by considering the isothermal data presented in the lower panel of Figure 3 . The enthalpy at constant pressure was obtained plotting the relaxation times of both α and α relaxations obtained in the isothermal measurements at pressures between normal pressure and 0.6 GPa every 0.1 GPa as a function of the corresponding temperatures, and then calculating the activation enthalpy as the slope of the linear fit of such plot. For the enthalpy at constant volume, we plotted the relaxation times as a function of the specific volume at given (P,T) values. The specific volume was calculated by means of the Tait equation 48 resulting from the fit (see Supp. Info.) of pressure-volume-temperature measurements on PCNB, carried out with the experimental setup described in ref. 49 The outcome is shown in the inset to Figure 4 . The enthalpy at constant volume was then obtained by plotting the relaxation times of both α and α relaxations at three fixed specific volumes (V=0.485, 0.500 and 0.505 cm 3 /mol) as a function of the corresponding temperatures, and then calculating the slope of the linear fit of such plot. The ratio E V /E P is found to lie between 0.51 and 0.77 for both the α and α processes, which would indicate that both dynamics are temperature-dominated. Moreover, the ratio decreases with increasing pressure, as expected because a pressure increase entails a increase of the density and therefore a higher activation volume barrier.
It is possible to obtain a "thermodynamic" scaling of all the relaxation time data τ α (T, P )
as a function of a single scaling variable 1000/T V γ , where γ is a material constant. 50 The result of the thermodynamic scaling of the relaxation time data is shown in Figure 4 . We found that the α and α relaxations scale with slightly different factors, namely γ α = 7.60 ± 0.02 and γ α = 7.81 ± 0.01 respectively. This again confirms that the α and α processes corresponds to different dynamics. also be much faster than either the α and α processes, at least like the β relaxation reported in an earlier study at much lower temperature (between 140 and 170 K, i.e., clearly below T g ) and with relaxation times far away from those here reported (τ β ≈ 1 ms at 140 K).
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As mentioned previously, the N O 2 group is occupationally disordered and displays large displacements and torsional vibrations accompanying whole-molecule librations; however, according to the diffraction studies 23 it doesn't display rotations around the C-N axis. Hence the α process cannot correspond to a reorientation of the N O 2 dipole independent of that of the rest of the molecule.
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At the same time, the α process cannot be identified as the primitive (Johari-Goldstein) precursor relaxation of the α process. In fact, a correlation between the α-and β JG -relaxation times has been experimentally proven, based on empirical findings on a large number of glass formers. 27 According to these studies, the primitive JG relaxation time (τ JG ) is related to the α-relaxation time (τ α ) as:
Here, t c is the crossover time which marks the onset of the many-body dynamics (typically t c ≈ 2 ps in molecular glass-formers) and β KW W is the stretched exponent of the KohlrauschWilliams-Watts function representing the α-relaxation process. By using, for example, the value of τ α of Figure 2 (c) (τ α = 0.63 · 10 −3 s) and the corresponding β KW W value (≈ 0.90), the calculated τ JG is found to be two decades smaller than τ α .
It follows that the origin of the α loss cannot be a secondary relaxation of any kind, but must instead stem from the motion of the PCNB molecule as the primary α relaxation oriented parallel to the molecular disk, and which display highly anisotropic interactions in two directions, namely within the same column and between adjacent column. [43] [44] [45] Discotic liquid crystals also display a "double" primary relaxation with similar temperature dependence as found in PCNB. In other words, the two systems, PCNB and discotic liquid crystal, share both the same degree of anisotropy and a similar phenomenology.
In light of this, we are lead to assign the α and α relaxations to distinct molecular dynamic processes involving the in-plane and out-of-plane components of the dipole moment of the PCNB molecule. In particular, we ascribe the main α process to the reorientational motions of the molecular dipole within the (001) planes, i.e. to molecular reorientational jumps which modify directly the in-plane component of the dipole moment. As mentioned above the larger dipole component lies on the (001) plane and consequently its reorientational dynamics must exhibit higher dielectric strength. The second process, α , slightly faster than the α process, is instead connected with the relaxation of the dipole component fluctuating around the c axis, i.e., with "shaking" motions of the PCNB molecules that leave basically invariant the in-plane component, but which affect strongly the out-of-plane contribution of the molecular dipole (significantly shorter than the in-plane one). The relative dielectric strength of the α and α processes corroborates this assignment, since the strength of the main α process is larger than that of the α process for all values of the thermodynamic parameters. We moreover observed (see supporting information) that the strength of the α process diminishes with respect to that of the α process with decreasing temperature.
This effect is much more accentuated at high pressure and low temperatures. Since the increase of pressure or the reduction of temperature have a much stronger effect on the c lattice parameters (see the anisotropic thermal expansion of lattice parameters in Figure 1 ), the assignment of the α relaxation to the dynamics along the c direction rationalizes the pronounced effect of P (and T ) variations on this relaxation feature.
Also the fact that the α process is observed at higher frequency (that is, at shorter times)
can be rationalized with our assignment. In fact, the dipole component in the plane relaxes by whole-molecule rotations inside the plane; these are limited by the steric hindrance of the sidegroups of neighbouring PCNB molecules in the same plane (which is large as evidenced by the small expansivity in the plane). In contrast, the vertical component of the dipole can relax only through the fluctuations of the out-of-plane dipole component and is therefore affected by the smaller inter-plane hindrance associated with the soft interactions along c (as evidenced by the large expansivity along c). 51 The fact that both α and α processes are due to the motion of the same dipole moments justifies our choice of the symbol α to label the faster relaxation and the phrasing "double primary relaxation" to refer to the dielectric response of PCNB.
As stated in the introduction, PCNB can be considered a low-dimensional analogue of a plastic crystal. While it may be expected to display a less complex dielectric spectrum than plastic crystalline phases due to the fewer degrees of freedom, the low-dimensional PCNB glass-former actually exhibits a richer landscape, with two distinct whole-molecule (primary) relaxations. The origin of the more complex dielectric response is ultimately the fact that the low-dimensionality of the system really entails a pronounced anisotropy, leading to a distinct behaviour of the two degrees of freedom (molecular dipole components) of the PCNB molecules.
We finally discuss the shape of each spectral component. The pressure dependence of the stretched β KW W exponents of both relaxations are displayed in the inset to Figure 3 noticeably smaller than those for the α process at high temperature as well as at low pressure, which entail that the α relaxation is more cooperative than the α relaxation except at very high pressure and low temperature. The pronounced cooperativity of the α relaxation again confirm its "primary" nature.
To conclude, this study is, to the best of our knowledge, the first one on the slow dynamics of statistical disordered structures under simultaneous variations of temperature and pressure through dielectric spectroscopy. Despite the long-range translation order of PCNB, its rotational dynamic properties display very strong similarities to those of structural glassformers: (i) the dependence of the glass transition on pressure is similar to that of van der Waals molecular liquids; (ii) the overall rotational relaxation function is invariant if considered at isochronal conditions. The low-dimensionality and anisotropy of the system leads to a more complex scenario than that of the (more isotropic) plastic crystalline phases, leading to a double primary relaxation feature which is reminiscent of the excess wing of some glass-forming supercooled liquids.
For the studied temperature and pressure ranges, the dynamics reveals two relaxation processes very close in time scale which are attributed, respectively, to the in-plane reori-entational motions of the molecules within the (001) plane (α process), which are frozen at T g =193 K, and the out-of-plane faster contribution, associated with the relaxation of the residual dipole fluctuating around the c hexagonal axis (α process). The strength of the α process is lower since the component parallel to the c axis is smaller than that orthogonal to it, and the dynamics of both processes is different due to the anisotropy of intermolecular interactions.
